An alternative approach to identifying amplitudevariation-with offset (AVO) anomalies is to consider the AVO polarization in the AVO intercept-AVO gradient (A-B) plane. This method does not require deviations or separations from a background trend exhibited in traditional crossplots such as intercept-gradient (A-B) or near trace-far trace (N-F). A benefit of the hodogram or polarization method is that the wavelet is taken into consideration. Crossplotted intercept and gradient are polarized along a "background trend" for nonanomalous events and at angles different from the "background trend" for anomalous events. This allows recognition of anomalous behavior otherwise buried in a background.
INTRODUCTION
Amplitude-variation-with-offset (AVO) attributes have been used in a variety of applications in exploration and production. They can be applied effectively in discriminating hydrocarbon-filled reservoirs (Ostrander, 1984) . More recently, to improve prospect evaluations in new areas such as deep offshore environments, AVO attributes are being used as an analysis tool for quantitative prospect ranking (e.g., Adamick et al., 1994 , Cardamone et al., 1998 attributes are considered valuable for evaluating anomalous seismic amplitude responses on large 3D datasets (e.g., Barton and Gullette, 1996) . Evolving applications of AVO attributes are the detection and characterization of fractured reservoirs (e.g., Lefeuvre, 1994; Rueger and Tsvankin, 1995; Ramos, 1996) and in lithology determination (e.g., Nada and Shrallow, 1994) .
Crossplotting AVO attributes helps in establishing trends against which anomalous amplitude behavior can be seen (e.g., Smith and Gidlow, 1987; Foster et al., 1997; Castagna et al., 1998; Sams, 1998; Ross, 2000) . Successful use of an AVO crossplot requires a deviation of anomalous events (presumed hydrocarbon-saturated reservoirs) from a well-defined "background" trend. However, when there is no deviation from the background trend, the AVO crossplot cannot be used as an AVO indicator. Rather, determining preferred orientations of the sample points in the intercept-gradient (A-B) plane is an alternative approach (Keho, 2000; Keho et al., 2001; Nsoga Mahob and Castagna, 2002) . This approach does not require deviations from a background trend and takes into consideration the wavelet as it is convolved with the reflectivity series.
At any given interface, sample points resulting from a reflection have a preferred orientation and can be spread across the four quadrants in the A-B plane (intercept-gradient space). The angle defining any preferred orientation in the interceptgradient space is called the polarization angle. Nonanomalous events related to shales and brine sands can exhibit a welldefined orientation (or background angle).
In this paper, we investigate the following polarization attributes: the polarization angle, the polarization angle difference, the AVO strength (distance from the origin in A-B plane), the product of strength and polarization angle difference, and the linear-correlation coefficient. In this study, we investigated polarization attributes for a synthetic model of a succession of gas and brine layers encased in shale units and then for a real data case where we compared conventional AVO attributes with the polarization attributes.
ALGORITHM

Concepts
For a time window about a single reflection from a given interface, the AVO intercept and gradient have a preferred orientation in the A-B plane (Figure 1 ). The angle defining the preferred orientation in the intercept-gradient space is called the polarization angle. Nonanomalous reflections related to shales and brine sands may exhibit a small range of orientations with a dominant background angle. Hence, reflections with angles different from the background angle can be considered as anomalous. Therefore, the angle of polarization can potentially be used in identifying AVO anomalies of any Rutherford and William (1989) class (I, II, III), or Castagna and Swan (1997) class (IV).
One of the main benefits of this approach is the enhancement of seismic anomalies that either exhibit small anomalies or are embedded in the background trend ( Figure 2 ) using traditional crossplot-derived AVO indicators. For example, an event corresponding to a gas sand whose points are plotted close to the background trend on the A-B crossplot will not show a large separation (distance from the trend). However, such an event may show up as a large anomaly based on polarization angle and related attributes.
Window-size analysis.-The size of the time window is very important in computing the polarization attributes. There is an optimum size that gives a good temporal resolution of seismic events. For a given preferred orientation or polarization direction, the magnitude of the attribute will have the maximum value. The polarization attributes resulting from very small windows are noisy, whereas attributes from very large windows do not represent temporally the seismic reflections (Nsoga Mahob, 2001) . The optimum window size will greatly FIG. 1. Schematic diagram of a reflection at a boundary. The reflectivity series is convolved with a wavelet, and the resulting AVO intercept (A) and gradient (B) traces are crossplotted. Note that the points are spread across all the quarants. depend on the data set in hand. However, a rule of thumb is presented below.
Equations governing the attributes
Some equations and principles related to AVO hodograms are determined by analogy with three-component vertical seismic profile (VSP) data analyses (DiSiena et al., 1981; Esmersoy, 1984) .
Polarization angle.-The polarization characteristics of a seismic event change in time. Therefore, the angle of polarization is characterized by the preferred orientation within a time window for a given time sample point (Figure 3) . The polarization angle can be determined by eigenvector analysis as suggested by Keho (2000) for AVO hodograms and Esmersoy
FIG. 2. AVO intercept and gradient crossplot showing an
anomalous trend that is embedded in a background trend.
(1984) for polarization analysis of three-component VSP. The formulation and derivation of the polarization vector components are described in Appendix A. The polarization angle, φ, is determined for a sliding time window. The size of the time window should be from one-half to a wave period (Keho, 2000) . For any given window, the angle 
where P x and P y are the components of the eigenvector (see Appendix A). The values of the polarization angle range from −90
• to +90
• .
Polarization angle difference.-The polarization angle difference, φ, is the difference between the polarization angle and the "background" angle or trend angle: where φ is the polarization angle and φ trend is the background polarization angle. The background polarization angle or trend angle is computed from a larger time window that can be several hundred milliseconds long. We should note that as the V P /V S ratio decreases with depth (or two-way time) and as wave propagation effects accumulate or the signal-to-noise ratio varies, the background angle could change (Castagna et al., 1998) .
The polarization angle difference attribute should visually magnify any polarization angle anomaly, thus enhancing visual detection of the seismic amplitude anomaly.
AVO strength.-The AVO strength is the measure of the distance of the hodogram points from the origin within the time window of the analysis. It is one way to measure the AVO hodogram magnitude, as mentioned in Keho et al. (2001) . The sample points from the intercept (A) and the gradient (B) traces, on the plot can be considered as a cloud of points of a certain length (Figure 4 ). The strength, L, is defined as
with
and Polarization product.-The product of AVO strength and polarization angle difference, also called the polarization product, is a measure of the magnitude of the AVO effect along the trace. Large seismic amplitude anomalies will exhibit large values, whereas small values will be related to nonanomalous events. This attribute, L φ, can be used to identify AVO anomalies of magnitude above noise level. Linear-correlation coefficient.-The linear-correlation coefficient, r , of the polarization analysis is the measure of how welldefined the polarization spread is ( Figure 5 ). This attribute can exhibit various effects resulting from seismic processing such as residual normal moveout (NMO), NMO stretching, and/or migration artifacts (Dong, 1996 (Dong, , 1998 and Ross, 2000) . The linear-correlation coefficient, r , is defined as (Rawlings et al., 1998) 
where Cov and Var are the covariance and the variance, respectively.
In our application, we use r 2 which ranges from 0, when there is very high scattering of hodogram points, to 1, when there is no scattering of hodogram points about the polarization trend within the analysis window.
MODELING EXAMPLE
Model parameters
Consider a flat-layered model made of a succession of gasand water-saturated sand units encased in shale or silt units (Table 1 ) based on well log data from the Northwest Shelf of Australia. The B Sand, C Sand, I Sand, and M Sand are gas sands. The D Sand, G1 Sand, and L Sand are water-saturated sands. The G Sand is a tight gas sand. The model elastic parameters are presented in Table 1 .
FIG.
10. Stacked seismic line with known gas-and brine-sand intervals. The gas-sand zones are indicated in dark gray; brine-sand intervals are shown in light gray. A synthetic common-depth-point (CDP) gather was generated using the full elastic wave algorithm of the AVO modeling module of the AVO Hampson-Russell software. A zerophase Ricker wavelet with a dominant frequency of 40 Hz and a
11. Display of a NMO-corrected CDP gather close to the well used in the study. The interval of interest is between 2900 and 3300 ms. length of 200 ms was used. The range of offsets modeled varies from 0 to 16405 ft (5000 m).
Polarization attribute generation
A gradient analysis was performed to extract the intercept (A) and the gradient (B) traces using a maximum incidence angle of 32
• . The resulting intercept and gradient traces are depicted in Figure 6 .
Representative hodograms of events corresponding to the top of B Sand, D Sand, G1 Sand, and I sand are shown in Figure 7 . A time window size of 20 ms, corresponding to about 80% of the period of the seismic data was used to compute the polarization attributes displayed in Figure 8 . A constant background angle of −20
• was used to compute the polarization angle difference.
From the synthetic results (Figure 9 ), note that the porous gas sands correspond to large product of strength and polarization angle difference (L φ), whereas brine sands do not. The tight gas sand is represented by a very small value of the polarization product.
REAL CASE EXAMPLE
Polarization attributes are computed using real seismic data from the Northwest Shelf of Australia to investigate the methodology. Known hydrocarbon intervals are compared to the derived attributes.
Seismic data
One prestack time-migrated (PSTM) 2D line, extracted from a 3D survey, is used for this study (Figure 10 ). The dominant frequency of the seismic data is roughly 30 Hz, and the approximate tuning thickness is about 30 m (or 18 ms two-way time) in the reservoir section of interest. Some of the known gas and brine intervals are highlighted on the seismic sections (Figure 10) . A CDP gather close to the well of interest is depicted in Figure 11 .
Conventional AVO attribute generation
To perform the gradient extraction, the smoothed corrected sonic curve at a nearby well location was used for the velocity function. The following constraints are set during the analysis: range of incidence angles = 8-32
• , range of offsets = 280-3160 m. The resulting AVO product (A × B) and scaled Poisson's ratio change (0.5A + 0.5 B) (Verm and Hilterman, 1995) sections for the line are depicted in Figures 12 and 13 , respectively. The known hydrocarbon and brine zones are highlighted and colorcoded. Overall, note that porous gas intervals correspond to larger AVO products and scaled Poisson's ratios than the brine-sand intervals do. However, brine sands also exhibit large values. A crossplot of AVO intercepts and gradients and the corresponding seismic section is shown in Figure 14 . There is a clear separation from the defined background trend of the seismic reflections related to the porous gas sand at 2910 ms, but the other known gas sand at roughly 3200 ms is not exhibited as anomalous on both the crossplot and the seismic section.
Polarization attribute computation
The extracted intercept (A) and gradient (B) traces for the seismic lines were used to compute the polarization attributes: (1) polarization angle (φ), (2) polarization angle difference ( φ), (3) AVO strength (L), (4) polarization product (product of strength and polarization angle difference (L φ), and (5) square of linear-correlation coefficient (r 2 ). A 24-ms sliding window was chosen for the computation. Since the dominant frequency of the seismic data is approximately 30 Hz, the time window for the computation is roughly 0.727T (where T is the seismic wave period of the data), a value within the suggested range (Keho, 2000) . A constant background polarization angle of −20
• was used for the entire trace to calculate the polarization angle difference. The background value is determined after examining the polarization angles along a series of traces (12) tributes at the well location are depicted in Figures 16-20 , respectively.
RESULTS
Figures 12-13 and 15-19 indicate that the porous gas sands can be better identified on the polarization product section than on the conventional AVO attributes, where gas and brine sands can exhibit the same signature. The lateral extent of the sand bodies seem well defined on the polarization attributes, whereas the delineation is not clear on the AVO product section or on the scaled Poisson's ratio attribute. Known hydrocarbon and brine intervals for the case-study seismic line exhibit different signatures on the polarization attributes. Overall, gas-sand zones are indicated by a large polarization product (positive), whereas brine-sand zones exhibit smaller (or negative) values. This is validated by the high values of the square of linear-correlation coefficient (≥0.60) in gas intervals, but intervals of large polarization product corresponding to brine sands have small values of r 2 (≤0.2), mean-
FIG.
14. (a) Crossplot of AVO intercepts and gradients. The purple indicates the top of gas-sand reflections, yellow illustrates the base of gas-sand reflection, and blue represents the background. (b) Overlay of intercept traces and color zones generated from the crossplot in (a).
ing that there is a high scattering of time sample points about the polarization trend within these analysis windows. A large polarization product with large r 2 identifies every productive gas zone. The single large polarization product associated with brine had a low r 2 .
CONCLUSIONS
It has been shown from the synthetic results that porous gas sands correspond to large polarization product (L φ), whereas brine sands do not. This is in agreement with the real data result.
FIG.
15. Background polarization angle determination for seismic line 2. Two time windows are considered for the analysis: 2500-2700 ms and 2600-2800 ms. The background angle calculated at a trace from each window is the arithmetical average of the polarization angles within the window. The trace average values for each are presented in Table 2 . After examination of the values, a rounded value of −20
• is chosen for the attribute computation.
The square of the linear-correlation coefficient (r 2 ) provides an indication of the reliability of the result. For a good enhancement of AVO interpretation, the polarization attributes should be used in conjunction with the correlation coefficient. The polarization product and the linear-correlation coefficient seem to be the most useful attributes for the synthetic and real data investigated.
The study results from the polarization methodology suggest that: 1) Polarization attributes should be considered as an alternative approach to identifying AVO anomalies. 2) Polarization attributes can enhance AVO interpretation. 3) Polarization attributes can potentially be used as a reconnaissance tool to identify possible hydrocarbon (gas) intervals.
AVO polarization attributes are potentially useful hydrocarbon indicators. For a synthetic model and real seismic data example, large polarization products combined with high linear-correlation coefficients were found to correlate with the presence of hydrocarbons. However, this technique will not work properly if the signal-to-noise ratio of the data is very poor. In addition, a seismic event, corresponding to a very thin gas sand, hidden within the sidelobe of a large background event, would not be detectable. This method might fail when analyzing very low frequency data.
AVO strength and polarization product attributes enhance and highlight amplitude anomalies related to gas sands and brines better than conventional AVO attributes. 
APPENDIX A POLARIZATION-VECTOR COMPONENTS DERIVATION
The formulation of the polarization vector is derived from the correlation matrix R m that is used to compute the eigenvectors (Esmersoy, 1984) : where A t+i is the AVO intercept value at time sample t, and B t+i is the AVO gradient value at time sample t. R m is a 2 × 2 symmetric matrix, and its eigenanalysis can be done efficiently. 
